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Abstract 
Cyclopentanone (CPO) is a promising biofuel for spark-ignition engines due to its ring strain and high auto-
ignition resistance. Understanding CPO decomposition is crucial for building a high-temperature 
combustion model. Here we present a comprehensive kinetic model for high-temperature pyrolysis of CPO 
with verified results from high-pressure shock tube (HPST) measurements. The time- histories of carbon 
monoxide (CO), ethylene (C2H4), and CPO absorbances over the temperature range of 1156-1416 K and 
pressure range of 8.53-10.06 atm were measured during current experiments. A corresponding detailed 
kinetic model was generated using the Reaction Mechanism Generator (RMG) with dominant 
unimolecular/radical-involved decomposition pathways from either previous studies or quantum 
calculations within the current work. The obtained model containing 821 species and 79,859 reactions 
exhibited a good agreement with the experimental results. In this study, the absorbance ratio between C2H4 
and CO was used as an important factor to validate models and to prove that radical-involved bimolecular 
pathways were as significant as unimolecular decomposition of CPO. The rate of production (ROP) analysis 
showed H radicals play a major role in the decomposition, and the whole decomposition process could be 
divided into three stages based on the H radical concentration. The insights from present work can be used 
to generate a better CPO combustion model and help evaluate CPO as an advanced biofuel.  

Keywords: cyclopentanone, pyrolysis, reaction mechanism 

1 Introduction 
In recent years, biofuels have been receiving much attention from both academia and industry, as they can 
be used as alternatives or additives to fossil fuels to reduce greenhouse emissions and improve the 
performance of blend fuels. Cyclopentanone (CPO) is one of the promising biofuel candidates identified 
by the U.S. Department of Energy (DOE) for advanced engines [1]. From the production side, CPO can be 
efficiently produced from a fungus-involved cellulose breakdown process and also from the pyrolysis of 
biomass [2]. From the implementation side, CPO has a relatively high energy density due to its ring strain 
(ring strain energy equals to 41 kJ/mol [3]), and also a high auto-ignition resistance, as shown in Table 1, 
making it applicable in aviation fuels and as a performance booster in spark-ignition internal combustion 
engines. Because of its potential, several theoretical models of combustion and pyrolysis of CPO have been 
built, and related experiments have been conducted to provide insights to related kinetics and to prove the 
feasibility of CPO as a commercial biofuel. 

As usual, radical-involved oxidation pathways are the main pathways occurring in the combustion of CPO. 
However, previous kinetic studies mentioned that CPO decomposition dominaties at high temperatures 
[4,5]. The same classes of decomposition reactions occur in both combustion and pyrolysis processes. Thus, 
establishing a better understanding of the pyrolysis process of CPO is crucial in building a more reasonable 
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model for its combustion and making an accurate prediction of several critical performance properties, such 
as ignition delay.  

Table 1. Octane numbers and sensitivities of several promising biofuels and conventional blendstock [6] 
Fuels RON MON Sensitivity* 

cyclopentanone 101 89 12 
methanol 109 89 20 
ethanol 109 90 19 

n-propanol 104 89 15 
isobutanol 105 90 15 

prenol 93 74 19 
di-isobutylene 106 87 19 
2-methylfuran 103 86 17 
E10 premium 98 90 8 

CBOB 94 87 6 
CARBOB 85 81 4 

E10: Petroleum-derived gasoline containing 10 vol% ethanol; CBOB: Conventional blendstock for oxygenate blending; 
CARBOB: California reformulated blendstock for oxygenate blending. 
* Some values for S may appear different than RON – MON based on values in table due to rounding. 

 

The earliest studies about CPO pyrolysis date back to the middle of the 20th century [7,8]. Johnson and 
Walters [7] used cylindrical Pyrex reaction vessels to conduct thermal decomposition of cyclopentanone at 
761-816 K and 0.130-0.413 atm. Based on infrared absorption spectroscopy as well as measurements of 
several physical properties, multiple chemical species were identified as products or intermediates of the 
process, including CO, ethylene, 1-butene, H2 and 2-cyclopenten-1-one. The influence of temperature, 
pressure, and concentration of unsaturated hydrocarbons on the product distribution and the decomposition 
rate were investigated. They found that the process was autocatalytic, as butene and propylene exhibited 
accelerating effects. Later, Delles et al. conducted a similar study at 806-854 K and 0.014-0.039 atm with 
more advanced infrared spectroscopy, mass spectrometry, and gas chromatography as product 
identification methods [8]. Their results generally agreed with Johnson and Walter’s findings of the 
decomposition reactions and the generation rate of products. Moreover, Delles et al. confirmed that the 
decomposition was autocatalytic and indicated that a portion of the decomposition underwent a free radical 
process. However, these early studies only covered a narrow range of conditions and were not specific to 
engine design or fuel evaluation purposes. Furthermore, the analytical methods used were not as advanced 
as methods available today. Thus new insights, especially further quantitative thermodynamic/kinetic 
details and more comprehensive analysis of the involved reactions and species, are needed for proper 
evaluation of CPO’s potential as a fuel. 

During the past five years, several studies of CPO pyrolysis were performed, wherein theoretical studies 
were emphasized, and experimental works were usually regarded as validations for the theoretical work [9–
13]. Zaras et al. [9] identified several primary unimolecular decomposition pathways of cyclopentanone 
pyrolysis. They used the G3B3 quantum chemistry method [14], a modified version of the G3 method [15], 
to calculate the wells and transition states. The RRKM method was used to obtain reaction rate coefficients 
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at 800-2000 K. Based on Zaras et al.’s calculations, three main pathways were identified: (1) concerted, (2) 
stepwise decomposition to 2 C2H4 + CO, and (3) keto-enol tautomerism (Fig. 1). 

 
Figure 1. Main unimolecular decomposition pathways of CPO identified by Zaras et al. [9]. 

 

Within the temperature range of this study, these three pathways were orders of magnitude faster than other 
unimolecular pathways. Zhou et al. [10] further calculated several radical-involved decomposition 
pathways, including H abstraction reactions by H and CH3 radicals at α or β sites. These decomposition 
pathways were a complement to the result of Zaras et al. Pastoors et al. [11] used mass-selected threshold 
photoelectron spectroscopy (ms-TPES) to identify major products from thermal decomposition of 
cyclopentanone between 800-1100 K and proposed several possible decomposition pathways which was 
consistent with Zaras’s and Zhou’s results. Pastoors et al. also mentioned that enol acted as a short-lived 
intermediate and appeared to play a crucial role in the thermal CPO decomposition potential energy surface 
(PES). 

In our recent publication, we reported shock tube experiments on CPO pyrolysis at 1173-1416 K and 8.97 
-9.69 atm to validate the theoretical understanding [12] and compared our results with two reported detailed 
kinetic mechanisms: the Zhang et al. [4] model developed at the Lawrence Livermore National Laboratory 
(LLNL) and Thion et al. [5] model developed at the Institute for Engineering and Systems Sciences (INSIS). 
Both models selectively introduced parameters from Zaras et al. and Zhou et al. Although these two models 
were built specifically for combustion, they possessed reasonable consistency with experimental results due 
to the inclusion of non-oxygen-involved pathways. The comparison of CO mole fraction time-histories, 
shown in Fig 2, revealed that at relatively high temperature (>1300K), Thion’s mechanism was in a good 
agreement with experiments, while the LLNL mechanism underestimated the rate and the yield of CO. At 
lower temperature (<1200K), both mechanisms underestimated the rates. 
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Figure 2. Time-histories of the CO mole fraction and pressure under different conditions modified from [12]. (A) T5 = 1173K, P5 
= 8.97 atm, 𝑥"#$,& = 0.5% and 𝑥,-,& = 99.5%. (B) T5 = 1367 K, P5 = 9.69 atm, 𝑥"#$,& = 0.5% and 𝑥,-,& = 99.5%. In the mole 
fraction subgraph, the green dotted line is the experimental CO time-history with its uncertainty indicated, the purple dashed line 
is the prediction according to Thion’s model, and the green dotted line is the prediction from Zhang’s model. In the pressure 
subgraph, the green dotted line is the experimental pressure time-history, while the purple solid line is the fitted pressure time-
history used as boundary condition in the ideal gas adiabatic simulation. 

To resolve the discrepancy between the theoretical models and the experiments, Giri et al. [13] proposed a 
fitting strategy where the energy barrier for the concerted decomposition pathway (Eq. (1)) was reduced by 
1.5 kcal/mol. Moreover, they performed master equation simulations using MultiWell [16–18] and showed 
such modification would yield over 95% CPO outflux proceeding via pathway (1). The total decomposition 
rate from their simulation was consistent with the experimental (from shock tube) above 1250 K, while a 
slight discrepancy still could be seen at 1150 K. 

Rather than empirically fitting a mechanism to match the experimental results, we hypothesize that the 
discrepancy is caused by missing or underestimating certain decomposition pathways. This hypothesis is 
supported by the experimental study by Delles et al. [8], but for better verfication, the information on the 
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branching ratio needs to be obtained. The branching ratio can be determined from the concentrations of 
radical intermediates. However, experimentally measuring these concencentrations is often challenging. 
Instead, in this publication, we demonstrate an effective strategy to validate the hypothesis combining 
experiments and kinetic modeling. Further, we reveal the importance of radical-involved pathways in CPO 
decomposition with our validated mechanism and provide a comprehensive picture for CPO pyrolysis. 

2 Experiments 
2.1 Shock tube setup 
To validate the model, carbon monoxide (CO), ethylene (C2H4), and cyclopentanone (CPO) absorbance 
time-histories were collected in a double-diaphragm, heated, high-pressure shock tube facility at the 
University of Central Florida (UCF) with an internal diameter of 0.1417 m. Specific details of the shock 
tube facility can be found in [19–21]. The velocity of the incident shock wave was measured through five 
piezoelectric pressure transducers (wired to four time-interval counters). The temperature (T5) and pressure 
(P5) behind the reflected shock were calculated through quasi one-dimensional normal shock relations using 
the measured incident shock velocity. The calculated uncertainty of T5 and P5 was around 10 K (±0.8%) 
and 0.14 atm (±1.5%), respectively. Eight equally spaced ports around the circumference of the tube, 2.00 
cm away from the end-wall, were used for pressure and spectroscopic measurements. Time-zero for each 
experiment was set to the minimum of the schlieren spike on the laser trace measurement. To prevent 
condensation of CPO, fuel mixtures composed of CPO (with a concentration range of 770-8000 ppm) and 
argon were made at a facility temperature of 80 ºC, whose fuel partial pressure was well below the vapor 
pressure of CPO according to a fit equation from Kobe et al. [22] and Barhala et al. [23].  

2.2 CO absorbance time-histories 
Carbon monoxide absorbances were measured using a continuous wave, distributed feedback quantum 
cascade laser (DFB QCL) centered at 2046.30 cm-1 from Alpes Lasers (TO3-L-50) without interference 
from other species (Supplementary information Fig. S1.2(D)). To ensure the spectral output from the laser 
remained stable during shock tube experiments, the laser was monitored via a Bristol 771 Spectrum 
Analyzer throughout each test. The schematic of the laser setup is shown in Fig. 3.  

 
Figure 3. Schematic of shock tube and laser setup used to measure CO time-histories. 
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To compare with the experimental absorbances, we used the Beer-Lambert Law, Eq. (4), to convert the 
modeled mole fraction values into absorbances: 

𝛼 =
𝜎𝑃𝐿
𝑅𝑇 𝑋 

(4) 

where α is the absorbance, P is the total pressure of the gas mixture (Pa), T is the temperature of the mixture 
(K), L is the path length of the absorbing species (m), R is the universal gas constant (J/mol/K), and σ is the 
absorption cross-section of the absorbing species (m2/mol). The absorption cross-section of CO was 
measured behind reflected shockwaves in the UCF shock tube to characterize its dependence on 
thermodynamic parameters between 1085-1456 K and pressures of 8.6-10.3 atm. A mixture composition 
of 1% CO/ 12% He/ 86% Ar was used for these cross-section measurements; the addition of helium 
decreases the relaxation time of CO ensuring the measurements are made on ground state species. A power 
law fit in both temperature (K) and pressure (Pa), Eq. (5) yields great agreement with experimentally 
obtained cross-sections (m2/mol) when A = 9.1120´106  m2/mol, B = -1.1320, and C = 0.3160: 

𝜎 = 𝐴𝑃8𝑇9  (5) 

2.3 CPO absorbance time-histories 
For CPO quantification, two different lasers were used in two separate experimental campaigns. In the first 
measurement campaign, a DFB ICL from Nanoplus was tuned to 2929.50cm-1 and 2938.25cm-1 in an 
attempt to measure CH4 with a two-color subtraction scheme to rid the measurement of interfering species; 
although, this scheme was not fruitful due to initial concentration variance. Despite the partial pressure of 
CPO in the mixture being held below its saturation vapor pressure at the experimental temperature 
(saturation vapor pressure of CPO > 30 Torr if temperature > 50 °C [23]), we observed inconsistencies in 
the initial CPO concentrations in the shock tube, suggesting some CPO had been lost from the gas phase. 
In order to quantify the initial CPO concentration, FTIR measurements (provided in supplementary Figure 
S1.3B) were utilized, and the starting concentration was found to vary from its nominal value by 60%, with 
a max uncertainty in the measured concentration of 11.5%. Possible reasons for the concentration variance 
could be the fuel condensing inside the tube test section as the fuel is expanded from the fill line into the 
large volume of the tube or fuel adhesion inside the fuel line. Nonetheless, the starting concentration for 
each experiment was quantified, and this value was used for all subsequent calculations. In these 
measurements, other hydrocarbon intermediates and products could interfere with CPO quantification in 
the intermediate and late stages of the reaction. Therefore for some figures displayed, CPO time-histories 
and C2H4 time-histories are truncated to remove the data strongly perturbed by the interference (due to the 
dependence of CPO on C2H4 discussed in the next section). We used the current mechanism to estimate the 
interference of the CPO and C2H4 measurement. The CPO trace is truncated at 90% of the time when C2H4 

absorbance contributed 2% to the total absorbance. Likewise, the C2H4 traces were not shown until 110% 
of the simulated time when CPO was fully depleted. 

Due to the interference in the first campaign, the measuring strategy was adjusted in the second. In the 
second campaign, we used a DFB QCL centered at 1749.84cm-1 from MIRSense for interference-free CPO 
quantification (Supplementary information Fig. S1.2(C)). To mitigate concentration variance in this 
campaign, the CPO concentration in the mixture was reduced from 0.25% to 0.10%, and the tube and the 
mixing tank were maintained at 80°C. While these precautions helped, they did not fully alleviate the 
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changes in starting fuel concentration. Therefore, for the initial CPO concentration measurement, the 
absorption cross-section of CPO was first measured by vaporizing the pure compound into the driven side 
of the tube and measuring the absorbance at 80	℃ and different filling pressures. From the slope of the 
absorbance-pressure curve (Supplementary information Fig. S1.3), the CPO cross-section at the specified 
wavelength and temperature was measured to be 20.24 m2/mol. Then, this same stage-filling procedure was 
used prior to each experiment to extract the initial concentration of CPO, using the measured cross-section. 
The average initial concentration uncertainty was calculated to be ±8%. From the measured initial 
concentration, the absorption cross-sections of CPO for all conditions were obtained from the absorbance 
plot immediately behind the reflected shockwave. 

2.4 C2H4 absorbance time-histories 
Ethylene absorbance was measured with a tunable CO2 gas laser (Access Laser L4GS) centered at 949.49 
cm-1. Near this wavelength, CPO also has an absorption feature (Supplementary information Fig. S1.2(A) 
and (B)). Therefore the contribution from CPO must be subtracted to obtain C2H4 time-histories, and the 
derived formula for C2H4 absorbance is 

𝛼<=<,">?@ = 𝛼<=<,ABACD − 𝛼F>,"#$
𝜎<=<,"#$
𝜎F>,"#$

																																																							(6) 

𝜎<=<,9JK is the cross-section of CPO at ethylene’s measured wavelength (949.49cm-1), 𝜎F>,9JK is the cross-
section of CPO at the wavelength where CPO can be measured interference free (𝜆M =	2938.25cm-1 or 
2929.50cm-1 in the first experimental campaign and 𝜆M =	 1749.84cm-1 in the second experimental 
campaign), 𝛼<=<,ABACD is the total measured absorbance due to all absorbing species at 949.49cm-1, 𝛼<=<,">?@ 
is the absorbance at 949.49cm-1 due only to C2H4, and 𝛼F>,"#$ is the absorbance of CPO at its separately 
measured wavelength. In the model validation, we still used the Beer-Lambert Law to convert C2H4 
concentrations into C2H4 absorbances, and the C2H4 cross-section values were calculated according to the 
temperature and pressure correlation reported by Ren et al. [24] and verfified in our recent work [25]. 

 

3 Theoretical studies 
The computational work was divided into three phases. In the first phase, quantum chemistry calculations 
for important species and transition states were conducted using Gaussian 03 [26] and Gaussian 16 [27]. 
These results were imported into Arkane, a package distributed with Reaction Mechanism Generator (RMG) 
[28,29], to generate thermodynamic and kinetic data. Secondly, RMG was used to generate detailed 
mechanisms with updated parameters. Finally, CHEMKIN-PRO [30] and Reaction Mechanism Simulator 
(RMS) [31] were used to simulate the pyrolysis of cyclopentanone under shock tube conditions and generate 
concentration time-histories and rate of production (ROP) results. Concentration data were converted to 
absorbances using Beer-Lambert Law to validate the model with experimental data, while ROP results were 
used to understand the pyrolysis process. 

3.1 Quantum chemistry calculation  
Single point energies (for both ground states and transition states), optimized geometries, and harmonic 
frequencies were calculated with the CBS-QB3 quantum chemistry method [32]. If a species contained 
hindered rotors, rotation scans were performed on the corresponding dihedrals with 72 steps of 5o 
increments (covering 360o) at the B3LYP/CBSB7 level of theory. Intrinsic reaction coordinate (IRC) 
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calculations were performed to make sure that the transition states were corresponding to the correct 
reaction paths connecting the reactants and products. 

Arkane was used to calculate thermodynamic and kinetic parameters according to the Gaussian output files. 
The rigid rotor harmonic oscillator (RRHO) approximation with 1D hindered rotor correction as well as the 
conventional transition state theory was used as the theoretical foundation. Results were exported in 
commonly used formats (NASA polynomials for thermodynamic properties, modified Arrhenius formula 
for high-pressure limit rate coefficients, and Chebyshev Polynomial for pressure-dependent rate 
coefficients) to update RMG libraries. 

The majority of calculations conducted in the current work were aimed at filling the gaps in primary 
reactions and species which had not been calculated in previous publications. They included calculations 
of CPO beta C-C homolysis reaction and H radical addition reactions. Previously, the concerted 
decomposition reaction (1) was identified as the most important pathway taking up most of the fluxes, so 
we recalculated this reaction at CCSD(T)-F12/cc-pVZ-f12 extrapolation to the complete basis set (CBS) 
[33] limit with geometries and frequencies calculated at APFD/6-311+G(2d,p) level of theory [34] using 
Gaussian 16 [27] and Molpro [35,36]. The new calculation showed that the barrier was 339.0 kJ/mol, and 
the high-pressure-limit rate coefficient curve reached a good agreement with calculations from Zaras et al. 
(Fig. 4). Cartesian coordinates of ground and transition state structures and rate coefficient parameters of 
reactions are provided in the supplementary information section S2. 

 
Figure 4. High-pressure-limit rate coefficients of reaction (1) from different sources. The inset shows the rate coefficient values at 
different temperatures relative to the rate coefficient calculated in the current work. 

3.2 Detailed mechanism generation 
The detailed mechanism of CPO pyrolysis was generated using Reaction Mechanism Generator (RMG, 
version 2.3.0), an open source software package, developed primarily by the Green group at MIT [28]. 
RMG can automatically construct a chemical reaction mechanism depending on the flux of species. The 
reported mechanism, provided in the supplementary information, was built for a system with an initial 
mixture of 99.5% Ar and 0.5 % CPO reacting in the RMG ‘range reactor’ with a temperature range of 900-
1400K and a pressure range of 8.00-10.00 atm. During model generation, RMG can explore the chemical 
space based on reaction rules and make decisions to include species and reactions into the mechanism in a 
self-guided manner. Data used to make a judgement or used as the final output parameters were from two 
kind of sources: specified values and estimated values. For specified values, important primary reactions, 
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including stepwise decomposition, keto-enol tautomerism from Zaras et al., radical involved decomposition 
from Zhou et al., and additional reactions calculated within this study were used as seed mechanisms. 
Further, several thermochemical libraries ('DFT_QCI_thermo', 'thermo_DFT_CCSDTF12_BAC', 
'CBS_QB3_1dHR', 'CHO', 'FFCM1(-)') and kinetic libraries ('Klippenstein_Glarborg2016') were included 
in the simulation. These are distributed with RMG to provide accurate and reliable parameters. For species 
not included in the RMG libraries, their thermodynamic parameters were estimated by RMG based on the 
group additivity (GA) method [37]. For rate coefficients not previously specified, RMG’s rate rules were 
used to make an estimation. The final kinetic model had 821 species and 79,859 reactions. Sensitivity 
analysis of the mechanism was also conducted with the aid of RMG, which helped identify the sensitive 
species and reactions. 

3.3 Pyrolysis behavior prediction 
CHEMKIN-PRO [30] and Reaction Mechanism Simulator (RMS) [31] were used to simulate the shock 
tube experiments. RMS is an open-source package written in Julia supporting various kinds of 0-D chemical 
reaction system simulations. It yields numerically consistent results compared with CHEMKIN-PRO while 
being more flexible for large batches of simulations and having improved performance on flux diagrams 
when adapting RMG outputs. Moreover, it is able to conduct bound-to-bound uncertainty analysis on initial 
conditions, providing a more reliable model validation approach. The reaction system in the shock tube was 
approximated by a 0-D ideal gas adiabatic system for model validation. As the experimental measurements 
suggested a constant pressure rise, we recorded the pressure profiles during the experiments and used them 
as boundary conditions to simulate the behavior correctly. The simulated concentration and thermodynamic 
parameter time-histories as well as their uncertainties were used to derive the absorbances according to the 
Beer-Lambert Law (Eq. (4)). The simulated fluxes results were used to conduct rate of production (ROP) 
analysis and generate reaction network. 

4 Results and Discussions 
4.1 Model validation with absorbance time-histories 
The shock tube experimental results were used to validate the CPO pyrolysis model, and the species 
absorbances were chosen as the validating metrics. By this approach, the influence of initial condition 
uncertainties on species distribution can be clearly illustrated, making the validation more robust. Moreover, 
the correlations among temperature, pressure and mole fractions are obtained from simulations to correctly 
calculate the uncertainty propagation, yielding an more accurate uncertainty analysis. Fig. 5 shows the 
absorbance time-histories of CO, one of the major products of CPO pyrolysis. 
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Figure 5. Time-histories of CO absorbance at different temperatures and pressures. The green dotted lines are experimental results, 
the purple lines are predictions from the current model, while the blue and green dashed lines are predictions from the Thion et al. 
and Zhang et al. models. The temperature and pressure are indicated at the top-right corner of each figure. The uncertainty of each 
curve is indicated by the translucent region with the same color as the curve. 

Our model is in good agreement with the experimental results between 1217 and 1416 K. Further, according 
to the high temperature simulations where CO concentrations eventually plateaued, the predicted yields of 
CO (on CPO basis) are above 95%, which is consistent with the observation by Giri et al. [13]. Although 
comparing the CO concentration or absorbance time-histories was a common strategy in the previous 
studies [12,13], it can not be regarded as a decisive metric for validating a mechanism or distinguishing it 
from another. In CPO pyrolysis, most of the carbonyl groups from cyclopentanone eventually convert to 
CO, one of the most stable oxygenated species in the pyrolysis system, via either concerted/stepwise 
decomposition pathways (1-2) or radical-involved pathways. Although branching ratios in the current and 
the Thion et al. model are quite different, the CO absorbance predictions from both models overlap with 
each other. 

More insights about the mechanisms can be unveiled by considering the time-histories of C2H4 absorbance, 
especially the absorbance ratio between C2H4 and CO (𝛼">?@/𝛼"$ ). 𝛼">?@/𝛼"$  can be regarded as a 
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substitute for the mole fraction ratio between C2H4 and  CO (𝑥">?@/𝑥"$), which is related to the branching 
ratio of the system. The transformation relation is  

𝛼">?@
𝛼"$

	=
𝜎">?@
𝜎"$

𝑥">?@
𝑥"$

																																																								(7) 

Where 𝜎P is the absorption cross-section of the absorbing species. According to both Thion et al. and Giri 
et al., the concerted reaction (1) took up the most dominant flux, making most of the cyclopentanone convert 
to one CO molecule and two C2H4 molecules, yielding a 𝑥">?@/𝑥"$ ratio of approximately two. However, 
radical-involved decomposition pathways may be more dominant as shown in later sections. In such a 
scenario, CPO has a higher chance to be converted to other hydrocarbons, including butene and butadiene, 
which breaks the stoichiometry of the concerted reaction. Moreover, radicals also activate C2H4 reaction 
channels and let C2H4 be converted to other species. Thus, we expect to see a lower 𝑥">?@/𝑥"$ (and thus a 
lower 𝛼">?@/𝛼"$, according to Eq. (7)) under such a condition. 

Further, from the validation point of view, we find that 𝛼">?@/𝛼"$  is much less sensitive to the 
uncertainties of initial conditions than species absorbances. We did brute force uncertainty analyses on 
initial conditions using the current model. The method is explained in section S4.1, and an example is 
shown in Fig S4.1. With the given experimental uncertainties, the relative uncertainties of the predicted 
𝛼">?@/𝛼"$ are smaller than 4% in most cases, while the relative uncertainties of the predicted absorbances 
can be as large as 40% at the increasing stage and typically larger than 15% during the whole process. 

Time-histories of 𝛼">?@/𝛼"$  as well as the CPO, C2H4, and CO absorbances are shown in Fig. 6, 
demonstrating our model is in good agreement with the experimental results, whereas the Thion et al. and 
Zhang et al. models show an overestimation of the 𝛼">?@/𝛼"$. Similar figures covering a temperature range 
of 1156 to 1416K are available in the supplemental material (Fig S4.2-S4.11). 
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Figure 6. HPST experiments results at 𝑇Q = 1393K, 𝑃Q = 8.98	atm and 𝑥"#$,& = 4000	ppm. (A) 𝛼">?@/𝛼"$; (B) pressure; (C) 
CO absorbances; (D) C2H4 absorbances. For (A), (C) and (D), the purple lines are the predictions from the current model, while 
the blue and green dashed lines are predictions from Thion et al. and Zhang et al models., respectively, and the green dotted lines 
are experimental data. The uncertainty of each curve is indicated by the translucent region with the same color as the curve. For 
(B), the green dotted line is the measured pressure, while the purple line is the pressure fitted to the measurement used as the 
boundary condition for the ideal-gas adiabatic simulation. 

4.2 Model correction to previous studies 
To better understand the differences between the current model and former models, especially with the 
model of Thion et al., rate of production (ROP) analysis was performed on CO and C2H4 for both models 
(shown in Fig 7). Although the branching ratios are different, both mechanisms share similar dominant 
reactions. In order to check whether the differences in parameters of dominant pathways are the main causes 
for differences in models, we performed a recursive model correction scheme on the Thion et al. model. 
We either added missing pathways or replaced both thermodynamic and kinetic parameters for dominant 
reactions by parameters used in the current model. Once the models were corrected, we reran the 
simulations and compared 𝑥">?@/𝑥"$ to those from experiments or existing models. The alteration to Thion 
et al. model is summarized in Table 2, and the 𝑥">?@/𝑥"$ results are shown in Fig. 8. The ratio of mole 
fractions, rather than absorbances, is used for model-to-model comparison because reduction of 
experimental uncertainties is unnecessary. 
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Figure 7. ROP analysis of C2H4 and CO based on the current model are shown in (A) and (B); ROP analysis based on the Thion et 
al. model are shown in (C) and (D). The initial condition is T5 = 1393 K, P5= 8.977	atm and 𝑥"#$,& = 4000	ppm. The reactions 
corresponding to each curve are indicated. 

 

In the first round iteration, reaction pathway (2) (containing reaction (8-10)) is added, and parameters of 
reaction (11-14) are modified, resulting in a slight improvement to the 𝑥">?@/𝑥"$ curve (𝑥">?@/𝑥"$ at 3.5 
ms varying from 1.71 to 1.64). Then, as the concerted decomposition pathway (1) is the most dominant, we 
updated the model with the recalculated value (reported in the 3.1 section) in the second round correction. 
The update led to further improvement (𝑥">?@/𝑥"$ at 3.5 ms varying from 1.64 to 1.57). Generally, by 
making corrections to important reactions, the branching ratios of the mechanisms were amended (e.g., 
concerted decomposition pathways are suppressed as the updated value is only half of the value being 
initially used as shown in Fig. 4), thus improved 𝑥">?@ /𝑥"$  were obtained. However, a gap between 
experimental 𝑥">?@/𝑥"$ and such corrected 𝑥">?@/𝑥"$ still could be seen. Further investigation (in the 4.3 
section) shows that H radical generation and recycling play essential roles in the decomposition of CPO. 
However, we acknowledge that the model from Thion et al. is mainly aimed to simulate high-temperature 
oxidative systems where such pathways are less critical. 
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Table 2.  High-pressure-limit rate coefficient parameters for newly added or modified reactions to Thion’s model. Ea and A are 
in kJ mol-1 and s-1

, respectively. Reactions (8-10) are missing in the model of Thion et al. 

 

 

 

 

 

 

 
 
 

 

 
Figure 8. 𝑥">?@/𝑥"$ time-histories from “corrected” Thion models and their comparison with other models. The initial condition 
is T5 = 1393 K, P5= 8.977	atm and 𝑥"#$,& = 4000	ppm. Thion-mod1 refers to the 1st stage modified Thion’s mechanism, while 
Thion-mod2 refers to the 2nd  stage modified Thion’s mechanism. 

 

4.3 The CPO pyrolysis process 
To better understand the pyrolysis behavior of CPO, we calculated ROPs and sensitivities of the H radical 
on the current model. We found that the pyrolysis process of CPO consists of three stages associated with 
different H radical mole fraction (𝑥?) and its influence on the 𝑥">?@/𝑥"$ curve, as shown in Fig. 9. 

 

  Thion  Current 
Reaction # 𝐴 𝑛 𝐸]  𝐴 𝑛 𝐸] 

 

(8)     1.5 × 10M_ -3.5 357 

 

(9)     1.4 × 10< 1.1 246 

           (10)     5.0 × 10`M 0.0 0.00 
         

          
(11) 7.3 × 10=< -10.7 203  9.5 × 10`a 0.0 154 

         (12) 1.1 × 10a_ -7.3 167  1.7 × 10`a 0.0 122 

 

(13) 3.6 × 10`M 0.46 123  5.7 × 10`a 0.0 105 

 

(14) 2.1 × 10`a 0.32 101  6.1 × 10`= 0.0 65.3 

O O

O CO+

+

O O

O O

O O +

O CO+
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4.3.1 Early stage 
Early stage refers to a stage where significant drops can be seen in the 𝑥">?@/𝑥"$ curves (as shown in the 
example of Fig. 9; 𝑥">?@/𝑥"$	decreases from 2 to 1.65 in about 0.1 ms).  It corresponds to the period from 
time-zero to the time when 𝑥?	reaches its local maximum. The length of the period is determined by the 
concentration and the generation rate of radicals, especially the H radical. From Figs. 9 and 10, it is clear 
that the increase in the concentrations of H and other radicals (including methyl and vinyl radicals) causes 
the branching ratio of primary CPO decomposition to change significantly. This change makes radical-
involved bimolecular reactions comparable to the unimolecular pathway (1-3), which further decreases 
𝑥">?@/𝑥"$. In more detail, when the concerted (1) and stepwise (2) unimolecular decomposition are the 
most dominant pathways (≈ 90%), 𝑥">?@/𝑥"$ is close to two according to the stoichiometry. However, 
when H radicals (and other radicals) are involved in the reactions, we can see much more diversity in the 
decomposition pathways (Fig. 11). During the early stage, most of the radicals are consumed to generate 
𝛼 − CPO  (2-oxo-cyclopentyl) and  𝛽 − CPO (3-oxo-cyclopentyl) radicals, which further undergo the ring-
open beta-scission reactions and yield four major chain oxo-hydrocarbon radicals. While some of the 
intermediates can still undergo pathways with 𝑥">?@/𝑥"$= 2:1, others may yield radicals like vinyl, allyl or 
butenyl which eventually become acetylene, propene, butene, or butadiene, resulting in a smaller 𝑥">?@/𝑥"$. 
More importantly, H radicals, first consumed by CPO, will be regenerated from intermediates, catalyzing 
CPO decomposition via the pathways with lower barriers (as low as 14 kcal/mol [10]). However, these 
pathways cannot boost 𝑥? , and other pathways are accounting for the accumulation of the radicals. 
According to Fig. 12 where ROP results and sensitivity analysis results are compared, pathways including 
the homolysis of the C-H of cyclopentanone are identified as possible H (or other radical) generation 
pathways, as they have a great impact on increasing the concentration of H while not participating in the 
catalysis cycle. 

 
Figure 9. Stage division diagram at condition T5 = 1393 K, P5= 8.977	atm and 𝑥"#$,& = 4000	ppm. Only times between 10-3 
ms to 10 ms are shown for clarity. The upper figure shows 𝑥? (left axis) and 𝑥">?@/𝑥"$ (right). The bottom figure shows 𝑥"#$. The 
process is divided into three stages: (A) early stage (B) transition stage and (C) product pyrolysis. The transition between (A) and 
(B) occurs at 10-1 ms and the transition between (B) and (C) occurs at 1.76 ms for the current example. 
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Figure 10. The instantaneous branching ratio of the primary reactions (decomposition of CPO) under the condition of T5 = 1393 
K, P5= 8.977	atm and 𝑥"#$,& = 4000	ppm at different times. At each time, the full area of the pie indicates the total outflux from 
CPO, and the area of each section is proportional to the ratio of the reaction flux over the total outflux. The gap in each figure is 
contributions from other minor reactions. 
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Figure 11. Dominant reaction fluxes of cyclopentanone decomposition at 0.05ms (early stage) with the condition of T5 = 1393 K, 
P5= 8.977	atm and 𝑥"#$,& = 4000	ppm. The boldness of the arrows indicates the relative size of the fluxes in log scale and the 
boldness of the circle around the species indicates the relative concentrations in log scale. The unimolecular pathways are indicated 
by yellow, while radical-involved pathways are indicated by other colors, and color differences are used to indicate the hierarchy 
of the mechanism. 

  



 18 

 
Figure 12. (A) Sensitivity and (B) ROP analysis (right) of H radical at 0.05 ms with the condition of T5 = 1393 K, P5= 8.977	atm 
and 𝑥"#$,& = 4000	ppm. The top 12 reactions (sorted by the absolute values) are shown for each analysis. The discrimination 
between the axial-H abstraction rates and the equatorial-H abstraction rates causes replications in the sensitivity analysis. Such 
discrimination is not maintained in the ROP analysis. 

 

4.3.2 Transition stage 
Due to the diminishing CPO concentration and the accumulation of C2H4 and other products (e.g., ketene), 
the secondary reactions between H radicals and products become comparable to the H abstraction of 
cyclopentanone. These reactions add additional consumption channels of H radical and thus cause a 
decrease in 𝑥?, introducing the decomposition into the transition stage. When comparing the ROP results 
of H radicals at the beginning (Fig. 13(a)) and at the end of the transition stage (Fig. 13(b)), shifts can be 
seen from H radicals being dominantly consumed by cyclopentanone to H radicals being consumed by 
products. Moreover, some channels used to generate H radicals (like 3-buten-1-yl decomposing to 
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butadiene and H) in the early stage switch to H consumption during the transition stage. 𝑥">?@/𝑥"$ is less 
variant in the transition stage, mainly because of the increasing effect from the change in the primary 
reaction branching ratio (Fig. 10; more CPO proceeds via the unimolecular pathway) offsetting the impact 
from radical-product reactions becoming dominant. CPO is gradually consumed until the end of the stage 
when it is depleted. As consumption channels involving CPO no longer exist, and 𝑥?	reaches its local 
minimum and begins to increase. 

4.3.3 Product pyrolysis stage 
After the transition stage, as CPO is wholly consumed, the dominant species at this stage become the 
products, majorly consisting of ethylene and carbon monoxide as well as methane, ketene, allene, acetylene, 
and butadiene. Therefore, pyrolysis of the small hydrocarbon mixtures becomes dominant, which has been 
well studied in previous work [38–41]. Further, soot formation happens in this stage, as the formation of 
benzene and other species can be observed (a typical flux diagram can be found in the supplementary 
information Fig. S5.1). 

5 Conclusions 
In this work, we studied the pyrolysis of cyclopentanone (CPO) and presented a detailed kinetic model 
verified by shock tube and laser-absorption experiments. We measured the absorbance time-histories of 
CPO, C2H4, and CO simultaneously over a wide range of conditions and used 𝛼">?@/𝛼"$ time-history as 
one of the key factors to validate the models. To the best of our knowledge, we measured the first time-
histories of these species during cyclopentanone pyrolysis over the temperature range of 1156-1416 K and 
pressure range of 8.53-10.06 atm. Additionally, we generated a comprehensive kinetic model using the 
Reaction Mechanism Generator (RMG) with refined parameters from literature and quantum calculations. 
The current model shows good agreement with the experimental time-histories. According to the ROP and 
sensitivity analysis, the model suggests that radical-involved pathways play essential roles in the 
cyclopentanone decomposition. During the early stage, when H radicals are accumulating, the radical-
involved decomposition pathways are activated and become as crucial as pathway (1) and (2), resulting in 
𝑥">?@/𝑥"$ decreasing swiftly. During the transition stage, reactions involving radicals and products become 
as important as reactions involving radicals and CPO due to the product accumulation, resulting in a 
decreasing 𝑥?. During the product pyrolysis stage, the decomposition of the mixture of C2H4 and other 
products dominated as CPO is depleted. Our finding in this study contributes to the understanding of 
pyrolysis of cyclopentanone and establishes a more comprehensive combustion/pyrolysis model. Such 
understanding can also be helpful when proposing pyrolysis or combustion models for other biofuels. 
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Figure 13. ROP analysis at T5 = 1393 K, P5= 8.977	atm and 𝑥"#$,& = 4000	ppm. (A) ROP of H radical at t = t1 (0.1 ms, 𝑥? 
reaching local maximum) (B) ROP of H radical at t = t2 (1.76 ms, 𝑥? reaching local minimum). The top 8 reactions are shown. 
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